Phytoplankton cell or colony sizes range from <1 µm to several cm, i.e. 4-5 orders of magnitude in linear dimensions, which is roughly equivalent to the log-size span within terrestrial vegetation. It is commonplace to assume that smaller phytoplankton have an advantage in growth related traits while larger ones are more resistant to losses. However, the current state of literature calls for a more differentiated view. It is still controversial, whether smaller phytoplankton have higher maximal growth rates (µ max ) or if there is a peak of µ max at intermediate size (10 2 µm 3 cell volume). Smaller phytoplankton have an advantage in nutrient acquisition at low concentrations while larger phytoplankton have an advantage in utilizing nutrient pulses and exploiting vertical gradients. At equal density, larger phytoplankton experience bigger sinking losses. Small phytoplankton (<5-10 µm) are more affected mostly from grazing by protists and tunicates, while larger phytoplankton are more affected by copepod and krill grazing. Size spectra within the most important higher taxa show some conspicuous differences between marine and lake phytoplankton, e.g. the absence of very large diatoms (>10 5 µm 3 ) in lake phytoplankton and the absence of large (>10 3 µm 3 ) green algae in marine plankton. Overall, size is one of the most important traits for the performance of phytoplankton, but it is overly simplistic to equate small size with metabolic advantages.
I N T R O D U C T I O N
Marine phytoplankton accounts for ca. 50% of global primary production. Contrary to terrestrial plants, phytoplankton consists of a variety of phylogenetic lineages of eukaryotes and prokaryotes (Cyanobacteria) . Description and analysis of phytoplankton communities spans the whole range from extreme splitting (exhaustive species lists) to extreme lumping (bulk parameters like chlorophyll, particulate organic carbon, bulk photosynthesis). While providing a high level of predictability for some, simple relationships (e.g. limiting nutrient -biomass) aggregation at the total phytoplankton level is not helpful for understanding a suite of other problems, e.g. harmful blooms, efficiency of energy transfer in food chains, partitioning between substance recycling in the surface layer, sedimentation out of the euphotic zone and transfer to higher trophic levels, etc. On the other hand, reconstructing community behavior from single species is not only laborious because of the huge number of species, it also suffers from the fact that far less than 1% of the species have been cultured and for even less the relevant ecophysiological traits have been measured. Therefore, the search for the appropriate intermediate levels of aggregation has accompanied plankton ecology from its beginning. Aggregation to higher taxa has been an obvious and researcher-independent choice, but it suffers from the fact, that some higher taxa are functionally quite homogenous (e.g. coccolithophores) while others are not, e.g. 1 µm-sized, non-nitrogen-fixing Cyanobacteria have only few ecological commonalities with mm-sized, nitrogen-fixing Trichodesmium colonies. A widespread alternative is the attempt to group phytoplankton into functional types (Anderson, 2005) , a classification which is often a blend of size classes, motility types (coccoid vs. flagellated phytoplankton) and higher taxa having a distinctive biogeochemical requirement or function, such as diatoms (silicate requirement), nitrogen-fixing cyanobacteria (using N 2 as N-source), coccolithophores (producing a CaCO 3 -exoskeleton). Phytoplankton functional types are inherently subjective, because the demarcation criteria for the different types depend on the importance judgment of the researcher.
Trait-based analysis and modeling of phytoplankton (Litchman and Klausmeier, 2008) is an attempt to replace the qualitative character of the functional type approach by quantitatively measureable traits characterizing environmental requirements and abilities of phytoplankton and combinations of such traits. Such traits can relate to requirements related to the physical environment (e.g. temperature), requirement and utilization of resources (in phototrophs light and nutrients), vulnerability to various natural enemies (predators, parasites, pathogens) , reproductive capacity, susceptibility to non-trophic losses (sinking in phytoplankton), etc. Obviously, the number of possibly relevant traits is almost countless and an efficient reduction of complexity relative to a species-by-species analysis of communities can only be achieved if there are positive and negative correlations between traits. For this purpose it appears fruitful to identify "master" or "super" traits, which are correlated with numerous other traits. Body size is an obvious candidate for such a master trait. There is a long tradition of analyzing the size structure of marine (Platt and Denman, 1978) and freshwater plankton (Gaedke, 1992) and of relating body size to various ecophysiological traits and abundance patterns (Sheldon et al., 1977; Peters, 1983) . More recently, the "metabolic theory of ecology" (Brown et al., 2004) has attempted to predict large-scale ecological patterns from universal responses of metabolic rates to temperature and body size.
While all phytoplankton are "small" from a terrestrial botanist's point of view, their linear cell or colony sizes span 4-5 orders of magnitude (from <1 µm to mm-sized cells and cm-sized colonies; Finkel et al., 2010) . This is not less than the size range between small bryophytes and large trees in a forest ecosystem. Similar to terrestrial plants, we cannot expect that all phytoplankton fulfill the same ecological roles and have the same environmental requirements, except for the obvious commonalities shared by all photoautotrophs. Therefore, Litchman et al. (2010) have suggested considering size a master trait helpful in the analysis of phytoplankton responses to environmental conditions and their change.
In this review we will analyze, how size of phytoplankton can be measured and reported (not as trivial as it might seem) and then explore the cost and benefits of being small vs. large. We will begin with traits related to growth (maximal growth rates, acquisition and utilization of growth-limiting nutrients) and the exploitation of environmental gradients (vertical motility). Finally, we will explore the distribution of different size classes among the major clades of phytoplankton including some speculations about differences between marine and lake phytoplankton. We will not review the impact of climate change, nutrients and other environmental factors on the size structure of phytoplankton communities, because of some recent reviews which cover this topic quite exhaustively Sommer et al., 2016) .
M E T R I C S O F P H Y T O P L A N K T O N B O D Y S I Z E Individual size
Phytoplankton body size is usually expressed as cell length, cell volume or as cellular carbon content. The latter can only be obtained from pure cultures directly, while the former can be obtained from microscopic measurements of single cells and subsequent volume calculations according to geometric models (Hillebrand et al., 1999) . Based on culture data, Menden-Deuer and Lessard (2000) recommend the following conversions from cell volume (V in µm The exponents <1 indicate, that larger phytoplankton contain less carbon per unit biovolume, an effect which is especially strong in large marine diatoms where most of the cell volume is occupied by the central vacuole. Unfortunately, Menden-Deuer and Lessard (2000) had no algae <180 µm 3 in their data base. Downward extrapolation of equations (1) and (2) leads to unrealistically high estimates of the carbon content for picoplankton. Therefore, Sommer et al. (2012) recommended using the carbon content calculated for 180 µm 3 algae also for all smaller ones, which means 0.108 pg C µm −3 for diatoms and 0.157 pg C µm −3 for the other taxa. Most hydromechanical equations relating the behavior of particles in fluids to size (e.g. Reynolds number, Stokes' law) assume spherical shapes. However, many phytoplankton are not spherical. The most common linear metrics of size are the largest linear axis (l, hereafter called "length" for brevity) and the diameter of a sphere with equal volume (ESD, "equivalent spherical diameter"). The first author remembers that during the 1980s researchers dealing with size selective grazing suggested characterizing phytoplankton size by the second largest linear axis (width) because width is more relevant for handling by grazing zooplankton and for filtration properties. Unfortunately, according to our knowledge this line of thought has not been picked up by the literature, except for a filtration experiment by Runge and Ohman (1982) . The retention of phytoplankton on filters with a defined mesh size was better predicted by length for some species (chain forming diatoms) and better by width for some other species (e.g. the dinoflagellate Ceratium fusus).
For colonial phytoplankton the context decides whether cell size or colony size is the better descriptor of body size. If colonies are compact and have one common surface, colony size will usually be the better predictor of metabolic exchange of solutes with the medium, sinking velocities and grazing susceptibility (Gaedke, 1992) . For loose colonies or filaments, where the major part of the cell surface is exposed to the medium, cell size is usually the better predictor of metabolic properties while colony size might be more relevant for perception, prey choice and rejection by grazers (Sommer et al., 2001) . 
Community cell size
Only rarely, both estimates of community mean size are reported for the same data set (Rüger and Sommer, 2012) . They differ strongly in numerical values because of the strong dominance in numbers by picoplankton, but the response trends to environmental drivers have the same sign.
A more complete picture of size structure can be obtained by size-abundance spectra (SAS). Phytoplankton are sorted into logarithmically (usually log 2 or log 10 ) spaced size classes and the log of the total abundance of each size class is regressed against class means (e.g. Cermeño et al., 2008) , following earlier approaches based on biomass instead of abundance and targeting whole pelagic communities (Sheldon et al., 1972; Platt and Denman 1978) . The slope (b) of SAS is always negative, because smaller phytoplankton have higher abundances than larger ones. A slope of b = −1 indicates that all size classes have equal cumulative biomass, if size classes are defined in volumetric or mass units. A shallower slope indicates a biomass dominance by large phytoplankton, a steeper one dominance by small phytoplankton.
In the absence of microscopic or flow-cytometric size data, fractionation by filtration is a cost effective method, however, with a low level of resolution. It is the most widespread practice in oceanographic field research and usually follows the traditional size classification by Sieburth et al. (1978) picoplankton (<2 µm), nanoplankton (2-20 µm) and microplankton (20-200 µm, in many practical applications just >20 µm) (e.g. Marañón et al. 2015) . Chlorophyll a or particulate organic carbon are the usual metrics for size class biomass in these kind of fractionation studies.
T H E S I Z E D E P E N D E N C E O F G R O W T H R E L A T E D T R A I T S
Body size (X) relationships of metabolic parameters are frequently described by a power law of the general form
where Y are the metabolic variable of interest and a is a constant. This relationship implies a linear relationship between body size (or mass) when the dependent variable is logtransformed. Such relationships usually become significant and outweigh differences between taxonomic groups when both the independent and the dependent variable span over several orders of magnitude. The exponent b, often called the allometry coefficient, can be >1 (more than linear increase with size), 1 (linear increase with size), <1 (less than linear increase with size), or <0 (decrease with size). For absolute metabolic rates often an allometry coefficient of 0.75 has been found which translates into an allometry coefficient of −0.25 for specific rates, i.e. rate per unit biomass (Peters, 1983 ).
Maximal growth rates
If the general rules of metabolic size scaling also apply to phytoplankton, the maximal growth rate (µ max ) should scale with body size like a specific metabolic rate, i.e. with an allometry coefficient of −0.25. However, only some studies found this or similar values (Banse, 1976; Edwards et al., 2012) while some others found stronger size effects (e.g. −0.32 in Schlesinger et al., 1981) or weaker size effects (−0.13 for diatoms and −0.17 for dinoflagellates in Banse, 1982 ; −0.08 for Antarctic phytoplankton in Sommer, 1989) . Tang (1995) pointed out, that different exponents are found when cell size is expressed as carbon content or as cell volume, because larger cells tend to have less carbon per unit cell volume, especially in diatoms. In his data set, the exponent was −0.21 on a carbon base and −0.15 on a volume base. In Sommer (1989) the Cbased exponent was −0.082 and the V-based exponent −0.066, respectively.
Most of the earlier studies lacked picoplankton in their data base and downward extrapolation of size-µ max relationships to the smallest phytoplankton yielded unrealistically high estimates of µ max . Finkel et al. (2010) assembled a data set extending over the whole size range from the smallest to the largest phytoplankton and found a weak (b = −0.06) but nevertheless significant size-effect. However, visual inspection of data in their Fig. 3 indicates a unimodal trend and a plateau of µ max values in the range from 10 1 to 10 3 µm 3 cell volume. A similar result was found in a recent study by Marañón et al. (2013) who found a peak of µ max at ca. 10 2 µm 3 ( Fig. 1 ). At cell volumes below the peak µ max increased with cell volume (b = 0.19) while it decreased at higher volumes (b = −0.15). Marañón (2015) explained this pattern by increasing diffusion limitation for larger cells and increasing space limitations for an efficient cell machinery in too small cells. Wirtz (2011 Wirtz ( , 2013 ) developed a photosynthesis-and respiration-based model considering CO 2 diffusion, N-uptake and light attenuation within cells and also found a unimodal relationship with a peak of µ max between 10 and 100 µm 3 . As shown by his Fig. 3 (Wirtz, 2011) , his theoretically derived curve describes an upper boundary of the data by Finkel et al. (2010) . Interestingly, many bloom forming phytoplankton species, e.g. the diatoms Skeletonema spp., the smaller Chaetoceros spp., and the prymnesiophyte Emiliana huxleyi have cell sizes near the peaks of these unimodal relationships. However, the data cloud in Fig. 1 might also be interpreted as size independence of µ max across a wide range of cell volumes and a lack of fast growing species at cell volumes >10 5 µm 3 . (2015) were critical that the unimodal relationship is driven by concentrating on medium temperatures (e.g. 18°C in Marañón et al., 2013) which are well below the thermal optimum of warm-water adapted pico-cyanobacteria which usually dominate in the oligotrophic tropical/subtropical ocean. Using a data set of 194 species/strains they found a significant unimodal relationship at low, but not at high temperatures. When correcting for the influence of phylogenetic relatedness the unimodal character of response curves vanishes, because most of the picoplankton were cyanobacteria and most of the large phytoplankton were dinoflagellates or diatoms. However, the usefulness of such a phylogenetic correction is limited. It is certainly valuable when asking how much of the variance in µ max is driven by size and how much by phylogenetic relatedness, but it misses the point when providing data inputs for size structured ecosystem models which contain no taxonomic distinctions.
Size and nutrient utilization
In the ocean, the elements generally considered potentially limiting are nitrogen, phosphorus, iron and silicon (only for diatoms). While N, P, and Fe are usually provided in ionic form, Si is provided as un-dissociated silicic acid. For nitrogen, there are two major ionic sources, nitrate and ammonium. Nutrient utilization of phytoplankton consists of two steps, uptake from the seawater and conversion of nutrients into growth. Condensation to a one-step model (the Monod-model) which directly relates the growth rate to the environmental concentration of the limiting nutrient gives realistic predictions only, if the system is in steady state and nutrient concentrations and phytoplankton biomass are constant in time. Because of this restriction we concentrate our discussion on the two-step model of Droop (1973 Droop ( , 1983 . The first step, uptake from the medium can be described by the following equation:
where v is the uptake rate, S the concentration of the limiting nutrient in the medium, and K the halfsaturation constant. The second step, conversion of the nutrient incorporated into growth is described by
where µ is the growth rate, µ ∞ the asymptotic growth rate, Q the cell quota, i.e. concentration of the limiting element per cell (or biomass) and Q 0 the minimal cell quota, i.e. the structural minimum or threshold for growth. Q cannot reach infinity, therefore the realized maximal growth rate µ max is smaller than µ ∞ and is reached at a saturating cell quota (Q max ). All parameters of the Droop-model are species specific and sensitive to temperature. Moreover, there is also negative feedback from Q to v max which implies that at the same external nutrient concentration uptake rates of nutrient replete cells are lower than uptake rates of nutrient depleted ones. Q increases by uptake and is diluted by growth or cell divisions. Fitness at low nutrient concentration can be characterized by the scaled affinity (Aff ) sensu Litchman et al. (2007) , which uses maximal uptake rates measured for nutrient depleted cells, minimal cell quotas (Q 0 ) and the half-saturation constant of uptake (K ):
Several studies have searched for size trends of the Droop-parameters. Among them we chose the studies by Edwards et al. (2012) and Marañón et al. (2013) for comparison (Table I ). Both studies are based on temperatures at 20°C or close to 20°C and measured v max during the stationary phase. Cell quotas were defined on a per cell basis. In both studies, nitrate served as Nsource.
While both studies yielded the same signs for the allometry coefficients, they do not only disagree in the precise numerical values, but they also disagree whether V maxN increases linearly or less than linearly with cell volume. The full equations for Q max and Q 0 provided by Marañón et al. (2013) also permit a calculation of the quotient between both: 
. By solving equations (11) for V at Q maxN /Q 0N ratios at different powers of 2 we can obtain an estimate of how often nutrient replete cells can divide when they are transferred to a medium completely lacking nitrate. A nutrient replete mother cell of 10 µm 3 can support 1 cell division without any new uptake of nitrate. Support of 2 subsequent divisions (4 daughter cells) is possible for cells >23 × 10 3 µm 3 , and support of 3 subsequent divisions (8 daughter cells) at cell sizes >50 × 10 6 µm 3 , a size achieved only by few giant diatoms, e.g. Ethmodiscus rex.
In summary, the allometry of the Droop-parameters indicates that small phytoplankton grow faster than large ones under continuous low nutrient concentration, but larger phytoplankton are favored by temporal changes between nutrient poor and nutrient rich concentrations (Stolte and Riegman, 1996; Litchman et al., 2007 Litchman et al., , 2009 . Experimental evidence for shifts towards larger algae by nutrient patchiness can be obtained from Turpin and Harrison (1979) for marine phytoplankton and from Sommer (1985) and Rothhaupt and Güde (1992) for freshwater phytoplankton.
Size and motility
In stratified water columns the resources light and nutrients become increasingly segregated as phytoplankton growth proceeds. Nutrients tend to be depleted in the well-illuminated surface layer while vertical light attenuation increases with increasing biomass. Therefore, there is a selective advantage if phytoplankton can migrate between the nutrient rich layer within or just below the pycnocline and the light rich surface water. There are two mechanisms of vertical migration, swimming by flagellar movements and shifts between positive and negative buoyancy. The efficiency of both mechanisms is size dependent. Sommer (1988) compiled data of diel migration amplitudes of flagellated vertical migration and related the amplitude (A; m) to the cell/colony size (ESD in µm):
If A were related to cell volume, the allometry coefficient would become ca. 0.13. The highest amplitude in the data collection was 18 m achieved by the colonial freshwater flagellate Volvox (Sommer and Gliwicz, 1986) . Hall and Paerl (2011) confirmed the size dependence of vertical migration amplitudes within a single phytoplankton community in the stratified Neuse Estuary (USA).
Vertical migration by buoyancy regulation is well documented from large colonial or filamentous cyanobacteria from lakes (Walsby, 1972) and from diverse, extremely large-bodied taxa from the oligotrophic, subtropical ocean (Villareal et al., 2014) , the cyanobacterium Trichodesmium, the non-flagellated dinophyte Pyrocystis, the prasinophycean Halosphaera and several giant diatoms (Rhizosolenia, Ethmodiscus). Diel migration amplitudes reach 50 to a bit more than 100 m. While gas vacuoles (cyanobacteria) and a light cell sap (marine eukaryotes) form the light component of the buoyancy regulation, carbohydrates form the heavy ballast. They are accumulated by photosynthesis and nutrient limitation and consumed by respiration in darkness.
Most organic compounds are heavier than water (proteins ca. 1300 kg m , diatom silica ca. 2600). The gas vacuoles of cyanobacteria are particularly light. In addition, the cell sap of marine phytoplankton offers some scope for density reduction by reducing heavy ions in the cell sap (in particular Mg 2+ , Ca 2+ , SO 4 2-), replacing them by lighter ions or by light organic osmolytes. With this mechanism some giant marine diatoms can become lighter than seawater, e.g. 1015 kg m −3 for the diatom Rhizosolenia debyana (Villareal, 1988) and 1013 kg m for E. rex (Woods and Villareal, 2008) as opposed to a seawater density of 1023.5 kg m −3 at in situ temperatures. The cell sap mechanism can only work in giant, bladder type cells where the central vacuole has diameters of several 100 µm as opposed to a µm-thin protoplast surrounding it. In such cells the cell sap occupies >98% of the total cell volume. ) dependence of Droop-parameters of marine phytoplankton in the studies by Edwards et al. (2012) and Marañón et al. (2013) according to the model log 10 y = log 10 a + b log 10 V The efficiency of vertical migration in nutrient acquisition has been shown by measuring the nitrate concentration in the cell sap of vertically migrating giant phytoplankton in the Sargasso Sea (Villareal and Lipschultz, 2005) : up to 100 µmol L −1 in Halosphaera and 22 mmol L −1 in diatoms and Pyrocystis, as opposed to environmental concentrations in the micromolar range at depth and nanomolar range in the surface water. Before descent, cell sap nitrate becomes depleted down to micromolar concentrations (Villareal et al., 2014) . For the N 2 -fixing cyanobacterium Trichodesmium phosphate acquisition plays the decisive role for vertical migration (Villareal and Carpenter, 2003) .
The phytoplankton species performing vertical migrations by density regulation are either large, mm-sized filaments forming bundle-or tuft-shaped colonies (Trichodesmium) or have cells of >10 6 µm. In addition to increasing the scope for changing density by changing cell sap density, size is also important because at equal density differences to the surrounding water ascent velocities increase with the square of linear dimensions (see section on Sinking) or with the 2/3rd power of volume and larger cells have a greater volumetric share of the vacuole and thus offer a bigger scope for density regulation by ion exchange. The vertically migrating unicells are almost like bladders, with a thin protoplasmatic coating of a large central vacuole. In addition, the vertically migrating Rhizosolenia forms aggregates (sometimes consisting of several species) with sizes up to 30 cm (Villareal et al., 2014) . Moore and Villareal (1996) found a relationship between ascent velocity (v A ; in cm h Movement is not only advantageous in macroscopic nutrient gradients. Also in seemingly homogeneous environments it can increase the diffusive nutrient flux to cells, an advantage which increases with cell size and, therefore, higher Reynolds numbers (Gavis, 1976; Berg and Purcell, 1977; Kiørboe, 1993) . According to KarpBoss et al. (1996) cells have to be at least 20 µm in diameter to profit substantially from the turbulence created by swimming or sinking.
THE SIZE DEPENDENCE OF L O S S E S Sinking
At low Reynolds numbers the sinking velocity of a particle in a fluid medium can be predicted from Stokes' equation ]; and Φ the form resistance, expressing how much slower a particle sinks compared to a sphere of equal volume [dimensionless ratio].
The radius, the particle density and the form resistance are phytoplankton traits influencing sinking velocity. The radius is highly influential because of the quadratic dependence, which means that the 3 order of magnitude difference between µm-and mm-sized phytoplankton translates into a 6 order of magnitude difference in sinking velocities (Fig. 2) . The density of the sinking particle (cell or colony) is also quite influential because of the small difference between the density of the water and the density of the phytoplankton, usually called "excess density" (ρ'-ρ). Assume a density of seawater of 1025 kg m −3 (18°C, 35 PSU salinity) and a . In order to double the excess density and, thereby, the sinking speed only a ca. 1% increase to 1045 kg m −3 of the phytoplankton density would be needed. For the marine diatom Thalassiosira fluviatilis (now called Conticribra weissflogii) a density of 1121 kg m −3 (8% increase in density) has been reported (Walsby and Xypolita, 1977) , which increases excess density ca. 9.4-fold. Compared to size and density, the form resistance is the least influential phytoplankton trait, with values ranging from ca. 1 for spherical cells up to ca. 5 for complex shapes, like the stellate colonies of Asterionella (Reynolds, 1984) . Metabolically active cells can reduce excess density by ionic regulation which explains the frequently observed low sinking velocities during exponential growth (Kahn and Swift, 1978; Waite et al., 1992) .
Realized sinking velocities range from close to zero to ca. 10 −4 m s −1 (equivalent to 8.64 m d
) for the large marine diatom Coscinodiscus wailesii (Walsby and Reynolds, 1980) . However, for most other marine diatoms sinking velocities of individual cells are in the order of 1 m d −1 or even less (Riebesell, 1989; . Nonsilicified phytoplankton sink even more slowly.
The ascent velocity of phytoplankton lighter than water (see previous chapter) can also be calculated by Stokes' law, where excess density then becomes a negative term.
The significance of sinking velocities for population dynamics can be approximated by the ratio of sinking velocity (v; here in m d ) becomes (Reynolds, 1984) :
At usual marine mixing depths are of 10 to several 100 m this sets a limit to the realized combinations of size and excess density. Algae with sinking velocities in the order of 100 m d −1 will not be able to establish in the pelagic realm and algae with sinking velocities in the order 10 m d −1 will be restricted to periods of deep mixing. For phytoplankton sinking more slowly, the rate of sinking losses of marine phytoplankton will rarely exceed 0.1 d -1 as compared to maximal growth rates of 0.3-
. It follows that sinking usually will not exclude those species from growing during the rapid growth phase of a starting phytoplankton bloom, but it might make up for the growth rate difference of large, sinking diatoms and large, non-sinking dinoflagellates (ca. 0.1 d −1 difference according to Fig. 2 in Marañón, 2015) . However, when nutrients become limiting towards the end of a bloom gross growth rates (µ) decline and make sinking losses of individual cells and colonies potentially influential. Nutrient limited cells also tend to excrete transparent, exopolymerous substances, aggregate and form larger particles ("marine snow") which sink at velocities of >10-200 m d −1 (Alldredge and Gotschalk, 1989; Passow, 1991) . Such sinking velocities by far exceed the maximum attainable by individual cells or colonies and can rapidly remove a senescent bloom. Such events of mass sinking are the major vehicle of exporting carbon to the deep ocean ("biological carbon pump") with enormous influence on global element cycles, but little influence on the taxonomic composition during the phase when blooms are forming.
Grazing
Size is the single most important factor determining who-eats-whom in pelagic communities and it is generally assumed that larger prey is eaten by larger predators. This assumption can be found in the early models of the "microbial loop" (Azam et al., 1983) where heterotrophic nanoflagellates (HNF, <20 µm) feed on picoplankton (bacteria and phytoplankton <2 µm), microzooplankton (mostly ciliates and heterotrophic dinoflagellates, 20-200 µm) feed on HNF and nanoplanktonic phytoplankton and mesozooplankton (mostly copepods, 200-2000 µm) feed on microplankton. However, there are lots of overlaps in the food size spectra of the different zooplankton guilds because there is no constant size ratio between predator and prey. Some heterotrophic flagellates and ciliates eat phytoplankton almost as long as themselves while large, centimeter sized salps might filter picoplankton in the sub-µm range, leading to linear predator-prey size ratios of up to 50 000:1 in the most extreme cases. Generally, filter feeding is associated with large predator-prey size ratios, individual particle capture with intermediate ones and some protist feeding modes (pallium feeding, feeding with pseudopodia) with minimal ratios. In the following we will present the food size spectra of the most important grazer groups in marine plankton (Fig. 3) .
Heterotrophic nanoflagellates
While initially grazing on picoplankton was considered their main role in food web and carbon flux models (Azam et al., 1983) , gradually a greater diversity of trophic roles became appreciated (Boenigk and Arndt, 2002) . Heterotrophic flagellates <5 µm are mostly restricted to picoplanktonic prey or even sub-µm sized organic particles (Sleigh, 2000; Frias-Lopez et al., 2009; Seenivasan et al., 2013; Moustaka-Gouni et al., 2016) . Some larger HNF, e.g. the choanoflagellates (up to 15 µm) also feed in the picoplankton size range (Marchant, 1990; Marchant and Scott, 1993; Sleigh, 2000; Thaler and Lovejoy, 2012) . Other HNF are more omnivorous and feed both on picoplankton and autoand heterotrophic nanoplankton only slightly smaller than themselves (Vørs, 1992; Brandt and Sleigh, 2000) . Feeding with pseudopodia which tether prey items for extracellular digestion permits feeding on even prey larger then themselves, e.g. Cryothecomonas feeding on large diatoms (Schnepf and Kühn, 2000) . Predator-prey size ratios of HNF are generally small (<16:1; Hansen et al., 1994; <10:1, Moustaka-Gouni et al., 2016).
Microzooplankton
In Azam's et al. (1983) concept of the microbial loop microzooplankton consisting mainly of ciliates and heterotrophic dinoflagellates were considered feeders on nanoplankton. Most of the subsequent food web and carbon flux models followed this assignment or treated them as a more omnivorous group feeding on pico-and nanoplankton (Sherr and Sherr, 1994) . However, already in the early taxonomic literature it has been known that some ciliates and dinoflagellates feed on prey almost as long as themselves and that pallium feeding by dinoflagellates even permits the attack of prey larger than themselves (Jacobsen, 1999) . However, often these specialists are rarely dominant in the microzooplankton guild and, therefore, carbon flow patterns and the top-down impact of microzooplankton on phytoplankton size structure (Sommer et al., 2001 (Sommer et al., , 2005 are often sufficiently predicted by the assumption of nanoplankton feeding or nano-and picoplankton feeding.
Copepods
Copepods are the most important group of mesozooplankton feeders on phytoplankton. They are either suspension feeders creating a feeding current and picking non-swimming food items (mainly coccoid phytoplankton) from the feeding current or they are ambush feeders detecting and directly attacking actively swimming prey (ciliates and flagellates) or they can switch between both feeding modes (Tiselius and Jonsson, 1990; . Actively swimming phytoplankton can swim out of the feeding current of suspension feeding copepods. Both, the suspension and the ambush feeders feed on rather large protists (>5-10 µm; Katechakis et al., 2004; Sommer and Sommer, 2006) and may benefit smaller phytoplankton when suppressing their protist feeders (Sommer et al., 2001 (Sommer et al., , 2005 Calbet and Saiz, 2005; Sommer and Sommer, 2006) . Phytoplankton >200 µm can be consumed by copepods, if they are long and narrow.
Krill
Krill (euphausids) are the largest important planktonic crustaceans (up to several cm) occurring in high abundances mainly in polar and subpolar seas. They are capable of filter feeding with lower size limits of ca. 3-10 µm (Schnack, 1985; Fortier et al., 1994) and can also feed on large phytoplankton.
Tunicates
Tunicates are filter feeders able to feed on the smallest plankton organisms. The mesoplanktonic appendicularians feed only on pico-and smaller nano-phytoplankton (up to 5-10 µm; Deibel, 1986; Katechakis et al., 2004; Lambert, 2005) while the macroplanktonic salps can feed an almost the entire size spectrum of phytoplankton (Deibel, 1982) , e.g. Salpa maxima feeding on mm-sized colonies of Trichodesmium (Post et al., 2002) . However, it is still an open question whether actively swimming flagellates can rescue themselves by swimming out of the filtration current.
The grazing pressure on phytoplankton of different size does not only depend on the size selectivity of grazers, but also on their abundance and per capita activity. Since grazers, like other organisms as well, also show SAS with a negative slope, generally a higher grazing risk for smaller phytoplankton can be expected. This agrees with repeated findings, that 60->90% of the carbon flux up the food web (Calbet and Landry, 2004 ) is channeled through the protists and not through mesozooplankton. However, temporary reversals in the relationship between phytoplankton size and grazing risk are possible. Even copepods considered traditionally as "herbivorous" taxa are omnivores also feeding on microzooplankton. If sufficiently abundant, they might not only remove larger phytoplankton (except the largest ones) but also reduce protists to the extent that small phytoplankton suffer lower grazing losses than larger ones (Sommer and Stibor, 2002; Sommer and Sommer, 2006) .
Feeders on small phytoplankton (protists, tunicates) and feeders on large phytoplankton (copepods, krill) show characteristic temporal patterns of wax and wane. Protists and tunicates have high population growth rates (Caron et al., 1988; Acuña and Anadón, 1992; Sommer et al., 2003; Aberle et al., 2007) and are therefore able to catch up quickly with phytoplankton growth, leading to delay times of at most a few days between phytoplankton growth and grazer growth. On the other hand, they quickly decrease as soon as their food source is exhausted. Even the fastest growing copepods (e.g. Acartia spp. in temperate waters) have generation times in the order of weeks, thus leading to a substantial delay between growth of the prey and subsequent growth of the predator, thus permitting the phenomenon of explosive phytoplankton blooms of algae invulnerable for the bulk of protists ("loophole" sensu Irigoien et al., 2005) . Conversely, copepods better survive periods of famine than protists and tunicates and disappear less quickly after blooms. Long-lived copepod species (e.g. the larger Calanus spp.; Madsen et al., 2001 ) and krill have generation cycles of one or several years. They are "seasonanticipators" instead of "season-responders" and often undergo diapause during winter and emerge from diapause when the phytoplankton spring bloom develops.
We have not dealt with the topic of parasites and pathogens, which can be as important loss factors as classical grazers (viruses: Wommack and Colwell, 2000; fungal parasites: Kagami et al., 2007) . However, we are not aware of any systematic surveys of the relationship between phytoplankton size and the vulnerability of phytoplankton to these important drivers of mortality. However, in a recent model study Cael (2015) assumes that viruses enter phytoplankton cells via uptake channels for nutrients, thus making susceptibility to viruses also size dependent. Probably, this topic deserves more attention in the future.
S I Z E S P E C T R A O F M A J O R P H Y T O P L A N K T O N G R O U P S I N M A R I N E A N D F R E S H W A T E R S Y S T E M S
The first and the last author have several decades of experience in counting and sizing phytoplankton from various lake and marine sites. Through this experience, corroborated by numerous informal discussions with colleagues, we became aware of some puzzling differences in the size ranges of higher phytoplankton taxa in lakes and oceans (Fig. 4) , providing the basis for speculations about mechanisms driving those differences.
Cyanobacteria
Marine cyanobacteria are represented either by very small, picoplanktonic taxa (Synechococcus, Supplementary Document 1A, Prochlorococcus, Crocosphaera) or by large (mm-sized), filamentous and nitrogen-fixing taxa, Trichodesmium in subtropical and tropical open oceans and temperate costal seas, Anabaena (Supplementary Document 1F) and Nodularia in brackish, coastal seas. Temperate and cold oceanic waters lack large, filamentous cyanobacteria. Cyanobacterial life forms in lakes are more diverse, because there are also cyanobacteria in the intermediate size ranges, although rarely dominant (e.g. Snowella, Merismopedia, Anabaenopsis; Supplementary Document 1B-D), non-nitrogen-fixing large taxa like the gelatinous colonies of Microcystis (Supplementary Document 1G) and several filamentous non-nitrogen fixing taxa like Planktothrix (Fig. 4E) . 


Dinoflagellates
Dinoflagellates encompass more or less the same size spectrum in lakes and oceans, from nanoplankton to large microplankton (e.g. Ceratium, several 100 µm).
Cryptophytes
Cryptophytes are represented by nanoplanktic (Plagioselmis, Teleaulax, Rhodomonas) flagellates in marine and freshwater systems while the largest genus, Cryptomonas (several spp. a bit <100 µm) seems to be absent from marine systems. 
Chrysophytes
Chrysophytes in the ocean are nanoplanktic flagellates while in freshwaters there are also microplanktonic unicellular flagellates (large Mallomonas spp.) and colonies (Uroglena, Supplementary Document 2E). In marine environments only colonies of Dinobryon spp. represent the larger size classes, with nanoplanktic cell sizes and microplanktic colony sizes.
Diatoms
The smallest planktonic diatoms both in freshwater and marine systems are a few µm long. In contrast to the lower size limit, there is a strong marine-freshwater difference in the upper size limit. The largest diatoms in marine phytoplankton are much larger than the limnetic ones (Supplementary Document 3) . Needle shaped planktonic diatoms in freshwaters are maximally several 100 µm long, while diameters of discoid centric diatoms rarely exceed 100 µm. Maximal cell volumes of freshwater diatoms usually do not exceed 10 5 µm 3 . In contrast, the giants among marine planktonic diatoms reach mm-sizes in linear dimensions (E. rex: diameter up to 2 mm) and exceed 10 7 µm 3 cell volume.
Green algae
Coccoid green algae are among the smallest eukaryotic picophytoplankton in the ocean and in freshwaters (marine Ostreooccus: 0.8 µm diameter; Supplementary Document 1H). In marine phytoplankton, there is a large size gap between nanoplanktonic <10 µm (Tetraselmis; Supplemetary Fig. 1I ) and the giant, nonflagellated phycoma-stage of Halosphaera viridis (up to 800 µm diameter). The whole size range between the nanoplanktic green flagellates and Halosphaera is void in marine phytoplankton, while numerous flagellated, gelatinous, coccoid, colonial and filamentous genera fill this gap in freshwater, e. 
Potential explanations
So far, there has been little research on causes and consequences of these freshwater-marine differences. One obvious explanation for the absence of giants among freshwater planktonic diatoms lies in the fact, that ionic density regulation is not possible in freshwater due to the low ionic strength. Therefore, the "bladder"-life form with a huge central vacuoles and a physiological regulation of positive and negative buoyancy (see above) is not a strategic option for freshwater diatoms. Very large diatoms do not only need the lighter cell sap for floating, but also for at least partially balancing the ballast effect of the siliceous frustule, in order to prevent sinking velocities which practically exclude pelagic life. As can be seen from Fig. 2 , even at a very moderate density difference of 2.5 kg m −3 cells of 100 µm radius reach a sinking velocity of ca. 400 m d . Litchman et al. (2009) provide an alternative, though not mutually exclusive explanation, constructing a model for evolutionary stable strategies based on the allometries of nutrient uptake, maximal growth rates and nutrient storage. Under N-limitation (dominant in the ocean) constant high or low N-supply would favor small cell sizes, while pulsed nutrient supply can support diverse cell sizes up to 10 9 µm 3 , depending on the temporal frequency and duration of N-pulses. Under Plimitation (often prevalent in lakes), neither constant nor pulsed P-supply would favor large cell sizes.
A possible explanation for the large gap in the size spectrum of marine green algae could be provided by Quigg et al. (2003 Quigg et al. ( , 2011 who found that algae of the green plastid lineage (Viridiplantae, Chlorarachniophyta, Euglenophyta) have higher physiologically optimal N:P ratios than algae of the red plastid lineage. This would confer an advantage in P-limited lakes and a disadvantage in N-limited oceans. This disadvantage disappears for small algae with their uptake advantages at low concentrations and for Halosphaera with its buoyancy driven vertical migration mechanism.
C O N C L U S I O N S
Is size the dominant master trait for phytoplankton? In spite of numerous significant correlations between size and vital rates and environmental requirements of phytoplankton, we have to warn against a too simplistic picture. First of all, the usual allometric relationships have wide confidence limits. Predictions based on size are only reliable, when size differences exceed as least one order of magnitude. There are some indications (Banse, 1982; Sal et al., 2015) that the scatter can be reduced when considering phylogenetic relatedness as covariate of sizefunction relationships. In some cases, these phylogenetic differences can be translated into obvious functional differences (e.g. diatoms vs. dinoflagellates), in other cases this requires additional exploration. For a trait-based ecology, it would be mandatory to analyze how the residuals from size based allometries are involved in trade-offs between other traits relevant for success in communities. We also see great potential in advancing the understanding of trait-function relationships in exploring the causes and consequences of the different within taxon size spectra of lakes and oceans.
There is still the unresolved issue whether the maximal growth rate-size relationship is really falling monotonously, unimodally or neutrally with a dome shaped upper boundary (Fig. 1) . This issue is highly relevant for explaining dominance structures of phytoplankton blooms. Irigoien et al. (2005) explain blooms as "loopholes" when phytoplankton can escape from environmental controls such as nano-and microzooplankton grazing and resource limitation. Picophytoplankton cannot escape from grazing, because growth of herbivorous protists is fast enough to catch up with phytoplankton growth. Only the larger algae consumed by relatively slowly growing grazers gain a sufficiently long loophole, i.e. typically of several weeks of low grazing rates until growth of copepods catches up with the phytoplankton bloom. However, if maximal growth rates show a peak at ca. 100 µm 3 at least the smaller of the typical bloom formers (diatoms: Skeletonema; coccolithophores: Emiliana) do not need the support of picoplankton feeding grazers to outgrow their pico-sized competitors. It is almost commonplace to see the advantage of small phytoplankton in all traits related to growth and resource utilization, while the advantage of larger phytoplankton is seen in the resistance to grazing, cf. Riegman et al. (1993) and many similar models. From a modeler's perspective, this is certainly a legitimate simplification, but it does not capture the whole picture. Pico-and nano-phytoplankton also have some advantages on the loss side of the population dynamics: they suffer smaller sinking losses and they benefit from microzooplankton grazing by krill and copepods. On the other hand, there are also some metabolic advantages of large algae: Vertical motility both by flagellar motion and by buoyancy regulation increase with size, making it possible to exploit vertical gradients in resource availability. This is an interesting analogy to the increasing operation range of larger animals (Peters, 1983) and to the increased ability of large trees to exploit the vertical light gradient above ground and the soil resource by deep rooting. But not only the spatial heterogeneity can be exploited better by larger phytoplankton, also temporal heterogeneity can be better exploited because of enhanced storage capacities (e.g. Q max /Q min ratios).
In summary, size is certainly one of the most important "axes" for a non-taxonomic classification of phytoplankton, but it is insufficient for understanding dominance structure of blooms, the transfer of matter and energy the pelagic ecosystem and the response of phytoplankton to environmental change. Motility seems to be another important axis. Interestingly, the importance of this axis seems to increase with size. Further attention is needed for the size relationships of susceptibility to parasites and pathogens and for a mechanistic understanding of differences in the size spectra different clades in oceans and lakes. The latter might provide important cues for understanding which phytoplankton types are found where, when and under which conditions.
S U P P L E M E N T A R Y D A T A
Supplementary data are available at Journal of Plankton Research online.
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